In this article, a compact complementary split ring resonator (CSRR) based double-negative (DNG) metamaterial antenna is presented for wideband (4.49 GHz-21.85 GHz) wireless application. The antenna is incorporated with a DNG metamaterial patch: 50Ω microstrip feed line and partial ground plane. The antenna shows measured fractional bandwidth of 131.81% with a compact size of 0.37λ × 0.37λ × 0.01λ. The commercially available finite integration technique (FIT)-based simulation software, computer simulation technology (CST) microwave studio was adopted to investigate the performance of the proposed antenna. Several parametric studies were performed to investigate the effect of key structural parameters on antenna performances. The double-negative characteristics of the metamaterial were investigated as well.
Introduction
With the recent advent of artificial metamaterials, there has been a lot of interest in the field of microwave applications. These artificial materials have become popular in the field of electromagnetic due to some exotic properties that are not naturally found, such as inverted Snell's law, negative refractive index, etc. Therefore, these unusual properties of metamaterial are being used in many important applications now, such as for antenna design, electromagnetic absorption reduction, invisibility cloaking, etc. [1] [2] [3] [4] [5] .
Recently, metamaterial has played a promising role in the field of antenna design for enhancing gain, bandwidth, directivity, and radiation efficiency. Arrays of metamaterial or multi-band metamaterial have become potential studies for researchers. Not enough studies are found in the literature on such approaches, for example, a near zero refractive index (NZRI) metamaterial-based antenna was proposed for X-band by Zhou et al. [6] but they added two metasurface layers over the main antenna, and their antenna size was 70 × 72mm 2 . A single-negative (SNG) metamaterial-based antenna was claimed by Ntaikos et al. [7] but their antenna resonated in the S-and C-band only. Islam et al. [8] showed an antenna that contains superstrate metasurface, but its patch dimension was 70 × 80mm 2 and maximum gain was 5.28 dBi. Ullah et al. [9] demonstrated an NZRI metasurface based antenna, but it was applicable for L-band, S-band, and C-band only, and its patch dimension was 34 × 28mm 2 . Moreover, Dissanayake et al. presented an L-slot wideband antenna [11] , which achieved an impedance bandwidth of 5.87 GHz (5.5-11.37 GH) with an antenna size of 50 × 50 mm 2 . Rmili et al. proposed a wideband double-sided printed dipole antenna for C and X band [12] . Although the antenna achieved a fractional bandwidth of 87.6%, the antenna dimension was quite large at 75 × 50 mm 2 . In this study, a double-negative metamaterial-based planar antenna is proposed. The proposed antenna displays an impedance bandwidth of 17.36 GHz. The metamaterial characteristics and measured result of the antenna is presented. In the basic design, a complementary split ring resonator (CSRR) metamaterial was used as a patch that was followed by a feed line and a short ground in the back. The basic idea behind it is that due to the coupling effect, the radiating element of the antenna is sensitive to the presence of the CSRR. The CSRR as a double-negative (DNG) metamaterial effectively affects radiating characteristics of the antenna. Moreover, a conducting ground was backed to the substrate with a slight shortened pattern to broaden its working bandwidth due to a coupling effect. However, the proposed antenna was confined in the 25 × 25mm 2 dimension.
Methodology
The design of the proposed metamaterial-based patch antenna has been done using a widely used computer simulation technology (CST) microwave studio. The CSRR double-negative metamaterial was designed first, and its characteristics were checked. The inner and outer radius of the outer ring were 4 mm and 5 mm. Similarly, the inner and outer radius of the inner ring were 2.77 mm and 3.77 mm. The gap between the two rings of the CSRR was 0.33mm. The magnetic resonance was strongly affected by its geometric parameters. The design parameter and the schematic view of the proposed DNG CSRR metamaterial unit cell structure is given in Figure 1A . The magnetic resonance is induced by the splits at the rings and by the gaps between the inner and outer rings in this type of metamaterial. Figure 1B and 1C show the front and back view of the antenna geometry. Based on the commonly used mathematical formulation of conventional rectangular patch antennas, the basic derivation of the antenna size was followed [10] . However, the length and width of the proposed slotted patch antenna were optimized using the CST microwave studio. The metamaterial based antenna was printed on a square-shaped FR-4 substrate with dielectric constant of 4.5, dielectric losstangent of 0.002, side length and width of 25 mm, and thickness of 1 mm. In the front side, the CSRR metamaterial was placed as a patch in the design that was followed by a copper feed line. In the back side of the antenna, a conducting partial ground was used in the design. All of the design parameters are given in Table 1 . All the design parameters have a thickness of 0.035mm. For characterizing the metamaterial, the CSRR unit cell structure was positioned between two waveguide ports of negative, positive of x-axis, and excited by the transverse electromagnetic (TEM) wave. The perfect electric conductor (PEC) boundary and perfect magnetic conductor (PMC) boundary were defined in the rest of the axes. The transient solver with hexahedral mesh has been used for antenna simulation. Normalized impedance has been set to 50Ω. Simulation has been run for the frequency range of 1 to 15 GHz for the metamaterial analysis and 1to 22 GHz for the antenna performance investigation. The effective medium parameters permittivity and permeability were calculated from the simulated S-parameters using the method mentioned by Dissanayake et al. [11] . Figure 2A displays the numerical result of the reflection coefficient (S 11 ). The seven major resonances are seen in Figure 2A at 3.42 GHz, 5.046 GHz, 6.79 GHz, 8.65 GHz, 11.54 GHz, 12.76 GHz, and 14.18 GHz that is below -10dB. The two rings of the metamaterial are like the LC circuits, where the usual metal rings are responsible for creating the inductance (L), and the split of the rings are accountable for creating the capacitance (C). These rings are excited by a time varying magnetic field parallel to the axis of the rings, the electrostatic field is induced in the split and inductive current in the rings, and then results in exchange by resonant energy.
DNG metamaterial characterization
By increasing the side and length of the rings, the inductance can be increased, which leads to a decrease in the LC resonance frequency. Similarly, by increasing the split, the capacitance can be reduced, which leads to an increase in the LC resonant frequency. electromagnetic simulation software. In the investigation, except from the parameter of interest, the parameters remain constant. First, the reflection coefficient has been studied with different types of SRR structure, shown in Figure 5 . From Figure 5 , it is shown that the circular CSRR structure has achieved the maximum impedance bandwidth. Moreover, a parametric study was performed on the effect of SRR gap position. The gap position is 0°, 45°, 90°, and 120° to investigate the antenna performance, presented in Figure 6 . It is observed from Figure 6 that the antenna shows maximum impedance bandwidth at a SRR gap of 0° positions. To show the effect of the substrate thickness of the proposed antenna, a parametric study has been done, which is depicted in Figure 7 . It is shown in Figure 7 that the antenna shows better impedance bandwidth at the substrate thickness of 1mm than 0.8 mm and 1.6 mm. The microstrip feed line width plays an important Figure 2B shows the real magnitude of permittivity against the frequency for the metamaterial unit cell. Figure 3A and B presents the consecutive real value of permeability and the real magnitude of refractive index against the frequency for the metamaterial. It is observed from Figures 2 and 3 that the four resonance points 3.42 GHz, 6.79 GHz, 11.54 GHz, and 12.76 GHz are where the metamaterial is found to have DNG characteristics among the four points. The detail characteristics data of the unit cell are presented in Table 2 for the aforementioned frequencies.
Antenna performance analysis
In order to observe the physical phenomenon of the proposed antenna, the current distributions at different frequencies are analyzed. The surface current distribution obtained from simulation software for different frequencies is shown in Figure 4 . A stronger surface current distribution is observed along the CSRR based metamaterial and near feed line. It is observed that the CSRR structure is an important factor for wideband.
To investigate the effects of the antenna parameters, a parametric study has been performed using role for proper impedance matching. That is why a parametric study has been performed to ensure better impedance matching, which is presented in Figure 8 . It is clearly observed from Figure 8 that for the value of w = 1.5 mm; the antenna shows good impedance matching. Figure 9 shows the input impedance characteristic of the proposed antenna for different values of p. The values of p change from 8.5 mm to 10.5 mm at 0.5 mm steps. When p = 8.5 mm, then the antenna shows two impedance bands of 3.95 GHz (5.8-9.75 GHz) and 4.3 GHz (14.5-18.8 GHz). When the value increased to 9.5 mm, the antenna achieved wide impedance bandwidth of 17.36 GHz (4.49-21.85 GHz). After that increasing the value, the impedance bandwidth becomes narrower than the previous one. That is why the optimum value of p is set to 9.5 mm.
The fabricated prototype of the proposed antenna is illustrated in Figure 10 . The antenna is fabricated on commercially available FR-4 substrate material with thickness of 1 mm, permittivity of 4.6. The voltage standing wave ratio (VSWR), phase and Smith chart measurement of the proposed antenna are performed using the Agilent E8362C vector network analyzer. The measured and simulated reflection coefficient of the proposed antenna is shown in Figure 11 .
The measured 10dB reflection coefficient bandwidth covers the frequency range from 4.49 to 21.85 GHz. As the ground plane decrease in size, the antenna characteristics are affected by the SMA connector. That is why a little deviation is observed in measured and simulated value of the reflection coefficient. The impedance matching of the proposed antenna is observed using the Smith chart, presented in Figure 12 . From the measured Smith chart, it is shown that the antenna achieved better impedance matching. The corresponding electronic dimension of the proposed antenna is 0.37λ × 0.37λ × 0.01λ; here, λ refers to the lower-end frequency that meets the -10-dB reflection coefficient. The antenna shows fractional bandwidth of 131.81% at the lower frequency. Moreover, the compactness and wideband characteristics of the antenna have been determined using an index term bandwidth dimension ratio (BDR). This index term indicates how much operating bandwidth (in percentage) can be provided per electrical area unit. The equation is presented in (1). The calculated BDR of the proposed antenna is 941.5291.
For a complete study of the far field, performance of the proposed CSRR based antenna inside an anechoic chamber is illustrated in Figure 13 . Radiation patterns are measured at three frequencies: 5 GHz, 7 GHz, and 10 GHz. Figure 14 depicts the measured radiation patterns of the proposed antenna. Figure 14 shows that the proposed antenna achieved a near about omnidirectional radiation pattern for H-plane at the presented frequencies. In addition, the realized gain and the radiation efficiency of the proposed is depicted in Figure 15 . The antenna achieved the maximum 92.52% of radiation efficiency and 6.034dBi of realized gain. The minimum radiation efficiency is 64.80%, and gain is 1.05 dBi.
Conclusions
A CSRR based DNG metamaterial antenna was presented for wideband application. Antenna performance analysis was performed by both simulation and experiments, where the antenna achieved wide impedance bandwidth of 17.36 GHz (4.49-21.85 GHz) and the bandwidth dimension ratio of 941.53 with small size of 25 × 25 × 1 mm 3 . Moreover, the antenna exhibited 4.05dBi of average gain, an omnidirectional H-plane radiation pattern, and a satisfactory level of radiation efficiency within the entire operating band. The proposed antenna was also very promising to be implemented for wideband wireless applications. 
